of the tRF biology in plants by providing evidences that plant and animal tRFs shared common features and raising the hypothesis that an interplay between tRFs and other sRNAs might be important to fine-tune gene expression and protein biosynthesis in plant cells. Abstract Small RNA (sRNA) fragments derived from tRNAs (3′-loop, 5′-loop, anti-codon loop), named tRFs, have been reported in several organisms, including humans and plants. Although they may interfere with gene expression, their biogenesis and biological functions in plants remain poorly understood. Here, we capitalized on small RNA sequencing data from distinct species such as Arabidopsis thaliana, Oryza sativa, and Physcomitrella patens to examine the diversity of plant tRFs and provide insight into their properties. In silico analyzes of 19 to 25-nt tRFs derived from 5′ (tRF-5s) and 3′CCA (tRF-3s) tRNA loops in these three evolutionary distant species showed that they are conserved and their abundance did not correlate with the number of genomic copies of the parental tRNAs. Moreover,
halves (stress-induced small RNAs or short tiRNAs), deriving from both the 5′ and 3′ halves of the tRNA molecule, are produced by cleavage in the anticodon loop (Emara et al. 2010) . Interestingly, tRNA halves can be generated in response to oxidative stress in several eukaryotic species, including plants ( Thompson et al. 2008) .
In addition to tRNA halves, small RNAs deriving from mature tRNAs, collectively termed tRNA-derived RNA fragments (tRFs), have been firstly discovered in HeLa cells (Lee et al. 2009 ) and further in different species and cell types (Li et al. 2012; Haussecker et al. 2010; Hsieh et al. 2009; Cole et al. 2009; Cai et al. 2013; Sobala et al. 2013) . Two main types of tRFs can be originated according to the processing of the parental tRNA: the first type derives from the 5′ end (tRF-5s), while the second derives from the 3′ end, harboring the added CCA sequence (3′ CCA tRFs or tRF-3s) (Gebetsberger and Polacek 2013; Fu et al. 2015) . Although some early reports have implicated DICERs in the generation of particular tRFs, more recent studies suggest that in human cells DICER is dispensable for the generation of most tRF-5s and tRF-3s (Li et al 2012; Kumar et al. 2014) . Indeed, most tRFs are essentially restricted to the cytoplasm and some have been shown to be produced by the action of other endonucleases, such as Angiogenin (Yamasaki et al. 2009 ). Therefore, it is possible that a combination of ribonucleases is necessary for generating different types of tRFs (Sobala and Hutvagner 2013) .
While cellular functions have been assigned for tRNA halves (Thompson et al. 2008; Yamasaki et al. 2009; Emara et al. 2010) , functions of the tRNA-derived RNA fragments proposed so far do not yet allow drawing a clear picture of their RNA biology. Cellular and molecular functions of tRFs may be mediated by their association with Argonaute (AGO) proteins (Cole et al. 2009; Haussecker et al. 2010; Li et al. 2012; Kumar et al. 2014 ) and, at least in some instances, may involve the inhibition of protein translation and downregulation of target genes by transcript cleavage, resembling miRNA/siRNA biological functions (Li et al. 2012; Sobala and Hutvagner 2013) . Another interesting hypothesis is that tRFs may compete for AGO association with other cellular sRNAs and thus they might act as global regulators of RNA-mediated silencing (Haussecker et al. 2010) . These findings suggest that tRNA-derived sRNA molecules are, in some cell types and biological contexts, used for broad control of gene expression.
Studies evaluating the expression, biogenesis and possible biological functions of tRFs have been mainly performed in animal cells, while in plants it remains poorly explored. In Arab idopsis thaliana, the tRF-5s and tRF-3s of Asp GTC and Gly TCC tRNAs were found to be highly expressed in root tissues grown under conditions of phosphate deprivation (Hsieh et al. 2009 ). In barley, the His GTG tRF-5 was the most abundant sRNA molecule identified in tRF-5 is the most abundant variant in all three species. In silico and in vivo expression analyses unraveled differential accumulation of tRFs in Arabidopsis tissues/organs, suggesting that they are not byproducts of tRNA degradation. We also verified that the biogenesis of most Arabidopsis 19-25 nt tRF-5s and tRF-3s is not primarily dependent on DICER-LIKE proteins, though they seem to be associated with ARGONAUTE proteins and have few potential targets. Finally, we provide evidence that Arabidopsis ribonuclease RNS1 might be involved in the processing and/or degradation of tRFs. Our data support the notion that an interplay
Introduction
Transfer RNAs (tRNAs) are an ancient form of non-coding RNA (ncRNA) that provides a connection between transcription and translation in most organisms. Each eukaryotic genome has at least 32 distinct families of tRNAs to decode the 20 amino acids in a proper way. tRNA biogenesis is a complex process that involves several enzymes, distinct cell localization for each step and usually differs among yeast, plants and vertebrates. Apparently, tRNA biogenesis pathway in a particular species relies on the evolution of the processing enzymes found in each species (for review, see Hopper and Shaheen 2008) . Interestingly, tRNAs can assume additional biological and cellular tasks such as an unexpected role in inhibiting apoptosis by binding cytochrome c and consequently blocking the caspase activation in HeLa cells (Mei et al. 2010) . Furthermore, they can be used as primers for viral reverse transcription, while uncharged tRNAs can act as stress sensors and as regulators of gene expression (for review see Phizicky and Hopper 2010) . Recently new findings reveal that tRNAs may perform non-canonical, extra-translational functions that may be linked to human disease (Parisien et al. 2013) .
Advances in high-throughput sequencing techniques allowed the identification of small RNAs (sRNAs) derived from various cellular non-coding RNAs, including tRNAs. The most known and well-studied sRNAs are typically 19-25 nt in length and are classified into microRNAs (miRNAs), endogenous small interfering RNAs (endo-siRNAs), trans-acting siRNAs (ta-siRNAs), and Piwi-interacting small RNAs (piRNAs) (Nogueira et al. 2006; Farazi et al. 2008) . Recent studies have demonstrated the existence of novel classes of sRNAs and that RNA interference may be more ubiquitous than previously appreciated (Tuck and Tollervey 2011; Olovnikov et al. 2013) . For example, tRNA (https://mpss.danforthcenter.org). PARE signatures were mapped to the respective transcripts as described (German et al. 2008) . Initially, we matched sequences flanking potential cleavage sites of RNA cleavage products (PARE signatures) back to their corresponding mRNA sequences. Such mRNA sequences corresponded to experimentally confirmed miRNA targets, which were identified by psRNATarget. We used similar approach to identify PARE signatures for putative tRF targets.
Plant material and growth conditions
Arab idopsis thaliana plants (ecotype Columbia-0 or Col-0) were grown at 21 °C (day)/19 °C (night) under long-day conditions (16 h light/8 h dark). Mutants hyl1-2 (Vazquez et al. 2004) , dcl1-11 (Zhang et al. 2008) , dcl2-1 and dcl3-1 (Xie et al. 2004 ), dcl4-2 (Xie et al. 2005 ) were previously described. The rns1-1 mutant in Col-0 background (salk_087165C) was obtained from TAIR stock (https:// www.Arabidopsis.org/). All mutants were confirmed by PCR genotyping.
Oxidative stress treatment
Arabidopsis seeds were surface sterilized and stratified for 48 h at 4 °C them transferred to a growth chamber. Seedlings were growth on erlenmeyers containing half strength modified Murashige and Skoog (½ MS) medium with vitamins (PhytoTechnology Laboratories ® ) and 1.5 % sucrose. Seedlings were growth under constantly light at 19-22 °C. After 9 days, 10 mM H 2 O 2 was added to ½ MS medium (Thompson et al. 2008) . For control plants, ½ MS was used instead H 2 O 2 . After 16 h, both control and treated seedlings were harvested and quickly frozen in liquid nitrogen. The experiment was repeated twice.
Tissue/organ collection, RNA isolation, and real-time RT-PCR analysis
For tissue/organ and rns1-1 mutant expression analyses, rosette leaves and flower buds were collected from 60-dayold plants. Tissues of 15-day-old seedlings from Chen and coworkers (2011) . The reactions were carried out using small RNA populations under phosphorous-deficient conditions (Hackenberg et al. 2012) , while Ala AGC and Pro CGG tRF-5s showed differential expression in rice callus and leaves (Chen et al. 2011) . Additionally, some tRF-5s were shown to be associated with Arabidopsis AGO proteins (Loss-Morais et al. 2013) . In this study, we exploited publicly small RNA sequencing data from Arabidopsis, rice and moss to comprehensively examine the diversity, expression and possible biogenesis of tRFs in plants. We showed that tRF-5s and tRF-3s are conserved across plant kingdom and their accumulation is not correlated with parental tRNA gene copy number. Although they incorporate into AGOs, most plant tRF-5s and tRF-3s are not generated by the canonical miRNA biogenesis pathway. We also provided evidences that both types of tRFs accumulated in response to oxidative stress and that Arabidopsis RNA-associated enzyme RNS1 might be involved in the biogenesis and/or accumulation of some tRFs.
Materials and methods

Dataset and bioinformatics
The data analyzed in this study were downloaded from GEO database (Barrett et al. 2013) . We considered only those sets of high throughput sequencing data in which small RNAs of 14 to 36 bases long were size selected and then sequenced. Datasets of different genotypes and experiments (Online Resource 1) were mined for tRF identification. By performing BLAST alignment (minimal identity = 100, tile size = 7, and minimal score = 0), we considered only those alignments where the query sequence (sRNA) had a perfect match against tRNAs from Arabidopsis thaliana (n = 639), Oryza sativa (n = 764) and Physcomitrella patens (n = 426), obtained from GtRNAdb (Chan and Lowe 2009) . Given that 'CCA' is added at the 3′ end of tRNA by tRNA nucleotidyltransferase during maturation of tRNA (Xiong and Steitz 2006) , we allowed exception for mapping sRNAs to the 3′ ends of tRNAs in the GtRNAdb allowing a terminal mismatch of ≤3 bases. tRF expression profiles were estimated normalizing the amount of reads of each sRNA by the total sRNA library sequence size, with a minimal of 10 per 1 million of reads. tRFs were considered differentially expressed when Fold Change (FC) ≤ or ≥1, where FCLOG2 = tRF experiment or mutant/tRF control experiment or WT.
Potential tRF target candidates were mined by using psRNATarget (Dai and Zhao 2011) . Parallel analysis of RNA end (PARE) signatures for possible tRF target candidates were retrieved from libraries that contain 3′ cleavage products of mRNAs. Such libraries were generated by Dr. Meyers Lab at the Donald Danforth Plant Science Center tRNA-Arg CCT have four and eight loci that mapped to 270 and 117 tRF reads, respectively. Conversely, tRNA-Pro TGG and tRNA-Ser AGA , which have 45 and 37 copies in the Arabidopsis genome, mapped only to 12 and 18 reads, respectively (data not shown). Our data is in agreement with those obtained in other species (Kumar et al. 2014) and suggests that plant tRF-5s and tRF-3s are not byproducts of random tRNA cleavage. In fact, each type of tRF seems to be generated by a specific parental tRNA and different kinds of enzymes could be acting on their cleavage (Hurto 2011) .
To verify the distribution and frequency of 19 to 25 nt tRF-5s and tRF-3s in the three species, we calculated the percentage of tRF isoforms from each size in each species and evaluated their expression (number of reads per million or RPM; Online Resource 3). While the distribution of tRF isoforms (19-25 nt in length) is similar among Arabidopsis, rice and moss, their expression is distinct in each species. For example, 19 to 20-nt tRFs are the most expressed isoforms in Arabidopsis, while in rice 25-nt tRFs seem to accumulate in higher levels (Online Resource 3). Next, we aligned tRFs from different sRNA libraries with parental tRNAs to verify whether tRFs have a bias regarding cleavage position. Similarly to other species (Lee et al. 2009; Li et al. 2012; Cai et al. 2013) , we observed a peak of tRFs in 5′ termini of mature tRNAs in Arabidopsis, rice and moss, indicating that tRF asymmetric processing occurs in distinct plant species (Fig. 1b) . Thus, tRF-5 seems to be the most expressed type of tRFs in plants (Fig. 1b) . To estimate the conservation of tRF cleavage sites among plant precursor tRNAs, we compared 19 to 20 nt tRF-5 and tRF-3 cleavage sites among Arabidopsis, rice and moss tRNAs. Similar to their precursors, plant tRF-5 and tRF-3 cleavage sites are generally conserved among evolutionary distant species (Online Resource 4). The precision with which individual tRFs are generated suggests that tRFs are not produced by random exonucleolytic digestion of tRNA precursors. In addition, because of the method of sRNA sequencing in these databases requires reverse transcriptase to read through the tRF into the adaptor sequence, tRNA modifications would, if anything, lower the number of reads observed, not create artificial short sequences.
To globally evaluate whether plant tRF expression varies among tissues/organs, we compared tRF-5 and tRF-3 RPM in Arabidopsis tissues/organs from publicly available databases (Online Resource 1). Both types of tRFs are present in all the tissues/organs analyzed, but independently of the tissues/organs evaluated, tRF-5s were the most abundant sRNAs observed in the libraries (Fig. 2a) . This data agreed with recent work from Kumar et al. (2014) , which found by meta-analysis that several tRFs differentially accumulate in distinct animal tissues/organs. To further investigate tRF expression in details, we selected two Arabidopsis tRF-5s (19-nt Arg CCT 5′-GCGCCUGUAGCUCAGUGGA Go-Taq ® qPCR Master Mix (Promega), following the manufacturer instructions. Applied StepOne ™ Real-Time PCR System was used to perform the reactions. For all analyses, Actin2 or ACT2 (AT3G18780) was used as an endogenous gene. All reactions were run in triplicate with three biological samples. Differences in gene expression were evaluated by the Delta-Delta Ct method (Livak and Schmittgen 2001) and considered significant for p values of < 0.05 according to two-tailed Student's t test. PCR specificity was examined by melting curve analysis from 65 to 95 °C, and the products were checked in a 2.5 % agarose gel. The amplicons of ~60 bp were cloned into pGEM ® -T Easy Vector (Promega) and tRF identity was confirmed by sequencing two clones of each corresponding tRF. All primers are described in Online Resource 2.
Results and discussion
Overall characterization of tRFs in evolutionarily distant plant species
Using publicly available databases of small RNA libraries from distinct evolutionary plant species (Online Resource 1), we selected reads from 19 to 25 nt, previously reported to be the most abundant 5′ and 3′CCA tRNA-derived RNA fragments (tRF-5s and tRF-3s, respectively) in different species (Lee et al. 2009; Cai et al. 2013 ). Next, we mapped their origin (i.e., parental tRNA), considering only reads that fully mapped to the respective mature tRNAs. We considered representative tRF-5s and tRF-3s those presenting at least 10 reads per million (RPM). For Arabidopsis and rice, we selected tRF-5s and tRF-3s which are conserved between the two species. In terms of evolution, moss can be considered as a basal species for land plants, from which arose around 500 millions of years ago (Kenrick and Crane 1997; Prigge and Bezanilla 2010) . Therefore, we decided to analyze all P. patens tRF-5s and tRF-3s (conserved and non-conserved in Arabidopsis and rice), which fully mapped to their respective parental tRNAs (see "Materials and methods").
Firstly, we asked whether there was a correlation between parental tRNA loci number and tRF abundance by estimating the total number of tRNA loci from each anticodon and the number of tRFs that mapped to each particular tRNA. At this point, we did not distinguish between tRF-5s and tRF3s. Low correlation between parental tRNA loci number and tRF-5 or tRF-3 abundance in A. thaliana, O. sativa or P. patens (Fig. 1a) was found. In several animal species, tRFs do not derive from abundant cellular tRNAs (Kumar et al. 2014) . Similarly, we did not observed correlation between tRF abundance and tRNA gene copy number (Fig. 1a) . For instance, A. thaliana tRNA-Arg CCG and A. thaliana leaf tissues comparing to flower tissues (Fig. 2c) , reinforcing the idea that these small RNAs are not byproducts of random tRNA degradation in plants, similarly to what has been observed in animal cells (Kumar et al. 2014) . Indeed, it has been reported lack of correlation between mature or precursor tRNA and their respective tRF abundance in different animal tissues (Soares et al. 2015) , or under distinct conditions (Lee et al. 2009 ).
Plant tRFs differentially accumulate under stress conditions
Glucose is a key regulator for diverse processes in plants and has been shown to interfere with microRNA expression (Moore et al. 2003; Rook et al. 2006; Duarte et al. 2013) . We therefore investigated whether glucose would modulate 19 to 25-nt tRF expression by monitoring tRF-5 and tRF-3 RPM in untreated Arabidopsis seedlings and in seedlings treated with mannitol and glucose (Duarte et al. 2013) . Only tRF-5s and tRF-3s present in and 20-nt Arg TCG 5′-GACCGCAUAGCGCAGTGGAU) and two tRF-3s (20-nt Ser GGA 5′-GAAUCCCUCUC UUUCCCCCA and 20-nt Tyr GTA 5′-AAAUCCAGCUCGG CCCACCA) to perform in vivo studies by using stem-loop qRT-PCR approach (Fig. 2b) . Stem-loop qRT-PCR is a standard technique to accurately quantify miRNAs (VarkonyiGasic et al. 2007; Ortiz-Morea et al. 2013) , and it has been successfully used to quantify tRF expression in animals and plants (Chen et al. 2011; Li et al. 2016; Asha and Sonyia 2016; Olvedy et al. 2016) . Moreover, it is highly unlikely that standard stem-loop qRT-PCR can amplify precursor or mature tRNAs, as post-transcriptional modifications are present in tRNAs, many of which play crucial roles in tRNA folding and function, inhibiting Watson-Crick base paring and thus arresting reverse-transcription (Kellner et al. 2010; Honda et al. 2015) . All tRF transcripts were readily detectable by stem-loop qRT-PCR and further confirmed by agarose gel analysis and sequencing (Online Resource 5), indicating that they were authentic sRNAs (Fig. 2c) . Interestingly, all four tRFs accumulated at higher levels in The visualization of positions of all reads that map to tRNAs indicates that 5′ terminal of tRNAs produce the most number of fragments (5′ terminal peak). The tRNA position (with respect to its 5′ end) at which the 5′ end of the sRNA reads are matched are used, as depicted by the bottom illustration. At Arabidopsis thaliana, Os Oryza sativa, Pp Physcomitrella patens to environmental stress conditions in Arabidopsis (LossMorais et al. 2013 ) and rice (Online Resource 7). For instance, 19-nt tRF-5 Arg CCT transcripts were detected at high levels (>twofold) in drought-treated Arabidopsis seedlings as well as in cold-treated rice inflorescences (Fig. 3a) . These results suggested that the production and/ or accumulation of evolutionary conserved plant tRFs are regulated by abiotic stresses.
Oxidative stress can trigger the production of tRNA halves in several organisms, including plants ( Thompson et al. 2008) . Therefore, we analyzed whether tRFs also accumulate in Arabidopsis seedlings in response to this type of stress. We evaluated the expression of Arabidopsis tRF-5s Arg CCT (19 nt) and Arg TCG (20 nt) as well as tRF-3s Ser GGA (20 nt) and Tyr GTA (20 nt) in seedlings which were grown under the presence or absence of hydrogen peroxide (H 2 O 2 ). Transcripts of tRF-5 Arg TCG and tRF-3 Tyr GTA accumulated at significant higher levels under oxidative stress conditions when compared with control ( Fig. 3b) , suggesting the accumulation of at least some tRFs in plant cells can be regulated by oxidative stress.
Stress conditions lead to changes in aminoacylation levels of tRNAs and uncharged tRNAs could participate in helping cells to survive under stressing environments. For instance, tRNAs could act as stress-associated signals, regulating cell death or being a substrate for tRF formation (Mei et al. 2010; Phizicky and Hopper 2010) . Particular tRFs generated under stress conditions are capable of inhibiting protein synthesis (Gebetsberger et al. 2012) . Although speculative, modulation of tRF expression by distinct abiotic stresses ( Fig. 3 ; Online Resource 7) suggests similar roles of some tRFs during stress responses in plants.
Biogenesis of most plant tRFs is not primarily dependent on DCLs
Early studies suggested that the generation of some tRFs is dependent on DICER in certain human cell types (Cole et al. 2009; Haussecker et al. 2010 ). However, more recent works have confirmed that the canonical miRNA machinery is not crucial or it is even dispensable for the production of most tRFs in Phytophthora infestans, Drosophila, mice, and Schizosaccharomyces pombe (Asman et al. 2014; Buhler et al. 2008; Kumar et al. 2014) . Therefore, we asked whether similar mi/siRNA-associated biogenesis pathways are involved in the generation of plant tRFs. We analyzed Arabidopsis libraries from mutants associated with small RNA machinery and RNA processing (Online Resource 1). We initially estimated tRF expression in flower tissues from dcl1-7 and dcl2,3,4 triple mutant and compared with WT from the same experiment, considering only those tRFs presented in all libraries (see "Materials and methods" for details). both treatments were considered (Online Resource 6). Our data showed that the accumulation of most evaluated tRFs did not change (<twofold) in response to either glucose or mannitol treatments (Online Resource 6), suggesting that tRFs might not be directly involved in adjustments of growth and development triggered by sugar signaling. Conversely, the expression of several conserved tRFs seems to change (>twofold) in response GGA , and 3′tRF Tyr GTA . c Expression patterns of particular tRFs in 60-day-old Col-0 rosette leaves (leaves) and flower buds. Leaf expression values were set to one. Values are mean ± SD of at least three biological replicates. Changes in transcript accumulation marked with an asterisk were considered significant with p ≤ 0.05 according to Student's t test (two tailed). Actin2 was used as an endogenous control. RPM reads per million. RE relative expression be DCL-dependent, as few Arabidopsis tRFs were underrepresented (>twofold) in both dcl1-7 single and dcl2,3,4 triple mutants (Fig. 4a, b) .
To address individual processing of tRF-5s and tRF3s, we looked into the accumulation of Arabidopsis tRF5s Arg and Arg TCG (20-nt) and tRF-3s Ser GGA (20-nt) and Tyr GTA (20-nt) in dcl1-7 and dcl2,3,4 as well as in hyl1-2 and hyl1-2,dcl1-21 double-mutant libraries, and compared them with their respective control experiments (Online Resource 1). HYPONATIC LEAVES1 (HYL1) is a double-strand RNA (dsRNA)-binding protein essential for miRNA biogenesis, assisting DCL1 in the pri-miRNA processing (Dong et al. 2008 ). Transcripts of 19-nt tRF-5 Arg CCT were detected only in dcl1-7 and dcl2,3,4 libraries, while 20-nt tRF-5 Arg TCG and 20-nt tRF-3s Ser GGA and Tyr GTA were found in hyl1-2 and hyl1-2,dcl1-21 libraries (Fig. 5a ). Mutations of dcls or hyl1 did not decrease the Interestingly, the majority (~98 %) of tRF-5s and tRF-3s either did not change (<twofold) or was overrepresented in dcl1-7 libraries (Fig. 4a) . Similar results were observed for most tRFs in the dcl2,3,4 triple mutant libraries (Fig. 4b) . Given that dcl1-7 and dcl2,3,4 mutants are defectives for DICER-like1 (DCL1) and DCL2,-3 and -4 function, respectively (Henderson et al. 2006) , one would expected reduced cloning frequency of tRFs in dcl mutants, as we observed for representative miRNAs in dcl1-7 (Fig. 4c) . Thus, our data suggest that these proteins are not primarily essential for the biogenesis of most Arabidopsis tRFs. In addition, the higher accumulation of several tRFs and miRNAs in dcl2,3,4 mutant (Fig. 4) is most likely a result of the markedly reduction of tasiRNA and siRNA production in this triple mutant (Henderson et al. 2006) , which would favor the sampling of other types of sRNAs. However, we cannot rule out the possibility that the biogenesis of particular tRFs may GTA was slightly reduced in hyl1 and hyl1-2,dcl1-21 libraries (Fig. 5a) . To confirm the in silico analyses, we Fig. 4 Accumulation of tRFs and miRNAs in dcl mutants and Col-0 (WT). a, b Fold-changes (FCLOG2) of read counts for tRFs in Arabidopsis dcl mutants (top) comparing with WT (bottom) were calculated as described in "Materials and methods". tRFs were discriminated by size (19 to 25 nt). Shadowed area contains tRFs not considered differentially expressed (<twofold). c Read counts for microRNAs (miR156, miR172, miR166, and miR167) in Arabidopsis dcl mutants and WT. All read counts were retrieved from publicly available data (see Online Resource 1). RPM reads per million This study raises at least two important questions about tRF biogenesis in general: If DCLs in plants or DICER and DROSHA in animals (Kumar et al. 2014) are not crucial for tRF generation then which proteins are? Do all organisms generate tRFs by the same pathway? There are still controversies regarding what enzymes are important for tRF biogenesis in different organisms. For example, RNase Z is responsible for 3′-pre-tRNA cleavage, while tRNA-halves could be processed by Angiogenin in mammals, Rny1 in yeast and PrrC, colicin D and colicin E5 in bacteria (Hackenberg et al. 2012) . At least for some human tRF-5s, DICER was shown to be responsible for their processing, but only in HeLa cells. More puzzling is the fact that DICER is also able to process particular tRF-3s in HeLa cells, as do Angiogenin the expression of these tRFs did not change significantly in the mutants when comparing with WT, though some tRFs seemed to overaccumulate in dcl mutants ( Fig. 5b ; Online Resource 8). In the context of all mutants, we propose that DCLs are not primarily involved in the generation of most tRFs in Arabidopsis. However, it is possible that particular components of the miRNA biogenesis machinery (i.e., HYL1) participate in the generation of tRF-3s, as hyl1-2 mutation decreased significantly tRF-3 Ser GGA transcript levels (Fig. 5) . tRF biogenesis in other plant species seems not to be dependent on DCLs as well, as the expression of conserved tRFs in rice did not change (<twofold) in dcl mutants when comparing with their respective control experiments (Online Resource 9). dcl1, dcl2,3,4, hyl1 , and hyl1,dcl1 mutants comparing with WT. All read counts were retrieved from publicly available data (see Online Resource 1). b Expression patterns of tRF-5s Arg CCT and Arg TCG as well as tRF-3s Ser GGA and Tyr GTA in seedlings of Col-0 (WT) and dcl1-11 and hyl1-2 mutants. Expression values in WT were set to one. Values are mean ± SD of at least three biological replicates.
Changes in transcript accumulation marked with an asterisk were considered significant with p ≤ 0.05 according to Student's t test (two tailed). Actin2 was used as an endogenous control. RPM reads per million. RE relative expression. c Differential accumulation of miR398-targeted Arab idopsis COPPER/ZINC SUPEROXIDE DISMUTASE2 (AtCSD2) (Smeets et al. 2009 ) is shown as a control for dcl1-11 and hyl1-2 mutants wound-responsive and ABA-responsive elements were found (Hillwig et al. 2008) . It is possible that RNS1 transcripts are more abundant in rsn1-1 leaf tissues due to the disruption of some of these elements, which likely allows high transcript accumulation under non-stress conditions (Fig. 6a) .
Given that tRF-5s Arg CCT (19-nt) and Arg TCG (20-nt) as well as tRF-3s Ser and Tyr GTA (20-nt) accumulated at high levels in rosette leaves from 60-day-old Col-0 plants (Fig. 2c) , this growth stage was chosen to compare their accumulation patterns in rsn1-1 and WT (Col-0) plants. Transcripts of both tRF-5s and tRF-3s showed higher accumulation levels in mutant leaves when comparing with WT (Fig. 6b) . Interestingly, Arabidopsis RNS1 has been recently shown to be able to generate both tRNA halves and tRFs (Megel et al. 2015) . Our data and from others (Megel et al. 2015) suggest the possibility that RNS1 is involved, perhaps indirectly, in the processing and degradation of tRFs. However, future studies are needed to evaluate at whole-genome level the possible impact, if any, of RSN1on tRF biogenesis in plants.
Plant AGOs incorporate tRFs but have few potential targets
To evaluate if plant 19 to 25-nt tRF-5s and tRF-3s associate with Argonaute proteins (AGOs), we inspected tRF accumulation (given in reads per million or RPM) in publicly available Arabidopsis AGO immunoprecipitation (AGO-IP) libraries (Online Resource 1). To focus on the most reproducible set of tRFs, we considered associated with AGOs those tRFs with at least 10 RPM (see "Materials and methods"). We identified 19 to 25-nt tRF-5s and tRF-3s that were associated with distinct plant AGOs (Fig. 7) . However, tRF and other RNases A in a DICER-independent pathway (For review, see Raina and Ibba 2014) .
Our data suggested that the generation of most Arabidopsis tRF-5s and tRF-3s is only partially dependent on DCLs (Figs. 4, 5) . Therefore, we decided to investigate whether other plant ribonucleases could be candidates to participate in tRF biogenesis or accumulation. Angiogenin has been shown to participate in the processing of tRNAs to generate tRFs in human cells (Yamasaki et al. 2009; Ivanov et al. 2011 ). Plants do not have Angiogenin-like ribonucleases, but some members of the ancient superfamily of ribonucleases T2/S might have similar functions. One such member may be the enzyme S-like Ribonuclease 1 (RNS1) (Bariola et al. 1994; MacIntosh et al. 2010) . RNS1 is associated with stress responses, being upregulated in several cell types under these conditions. Nevertheless, RNS1 is also expressed under non-stress conditions in flowers and at lower levels in leaves and roots of young seedlings (Hillwig et al. 2008) .
RNS1 is conserved across evolutionary distant plant species (Online Resource 10), being a good ribonuclease candidate to be involved in tRF biogenesis. Thus, we asked whether RNS1 could participate in Arabidopsis tRF biogenesis. To do so, we initially identified a T-DNA insertion line from TAIR collection (https://www.Arabidopsis.org/), hereafter referred to as rsn1-1 (salk_087165C). Interestingly, the T-DNA insertion in the promoter region of RNS1 locus (Online Resource 11) promoted high RNS1 transcript accumulation in leaf tissues of homozygous rsn1-1 plants (Fig. 6a) . RNS1 transcript accumulation is tightly regulated at transcriptional levels in response to ABA and wounding stress in Arabidopsis (Hillwig et al. 2008 ). The T-DNA insertion in rsn1-1 plants is located within the proximal 1000 nt of the promoter sequence, in which several Our data showed that conserved tRFs are incorporated into AGOs across plant species, indicating that they may have biological roles in sRNA-mediated silencing processes. To investigate the possible role(s) of plant tRFs in miRNA-mediated silencing pathways, we predicted target candidates for the most abundant Arabidopsis AGO1-associated tRFs by using psRNATarget (Dai and Zhao 2011) based on sequence complementarity coupled with read counts were lower when comparing to incorporated miRNAs, mainly for AGO1 (Online Resource 12). We found that 19-nt tRF-5s were the most abundant type of tRF incorporated into Arabidopsis AGOs, in agreement with previous results (Loss-Morais et al. 2013 ). Nevertheless, we detected bias towards particular tRF sizes in distinct AGOs (Fig. 7a) . For example, AGO1 incorporated high levels of 19 and 20-nt tRF-5s, while 19-nt tRF-5s were preferentially found to be associated with AGO2. For AGO4, the most abundant types of tRF-5s were 19, 24, and 25 nucleotides in length. Finally, AGO5 incorporates 19-nt tRF-5s at higher levels (Fig. 7a) . Similarly to Arabidopsis, 19-nt tRF-5s were 
Conclusions
Recently, novel studies on animals have shown how versatile tRNAs can be in terms of biological functions. This may be in part due to the fact that tRNAs are precursors of small RNAs such as tRFs. Our study shed some light on how diverse tRFs are in plants and showed that plant and animal tRFs shared common features. For example, plant tRFs are conserved across evolutionary distant species and are generated by asymmetric processing. Moreover, biogenesis of most plant tRFs seemed to occur through non-canonical mi/ siRNA pathways, similarly to tRF biogenesis in several animal species (Kumar et al. 2014) . Additionally, like animal tRFs (Kumar et al. 2014) , plant tRF-5s and tRF-3s are also incorporated into AGOs but seem to have much less targets.
Because of their association with different AGOs, particularly AGO4, it is conceivable that at least some plant tRFs act similarly as sidRNAs, a recently described new class of siRNAs independent of DCLs, which are incorporated into AGO4 to trigger de novo DNA methylation in Arabidopsis (Ye et al. 2015) . Moreover, interplay between tRFs and other sRNAs might be important to fine tune gene expression and protein biosynthesis in plant cells. More specifically, 19-25 nt tRFs may be incorporated into distinct plant AGOs in particular tissues, developmental stages and/ or physiological conditions depending upon tRF abundance as well as AGO expression patterns and AGO sorting. In animal cells, modulation of tRF levels by AGOs had minor effects on the abundance of miRNAs, but more pronounced changes in the silencing activities of both miRNAs and siRNAs, indicating that tRFs may play a role in the global control of sRNA silencing (Haussecker et al. 2010) . Whether plant and animal tRFs share such global sRNA silencingmediated control of gene expression remains a major topic for future studies. degradome analyses. We employed more stringent cutoff threshold for the Maximum expectation (E) parameter (range 0-2.0; Dai and Zhao 2011) to minimize false positive target prediction. Few potential targets were found for some tRF-5s, of which most presented a low number of PARE (Parallel analysis of RNA end) signatures when comparing with miRNA target-associated PARE signatures (Online Resource 13). This suggests that tRFs may act through regulatory mechanisms other than mRNA cleavage or degradation.
Plant tRFs might play a role in DNA and chromatin modifications as we identified 24-nt tRFs associated with AGO4 (Fig. 7) . AGO4 is localized in the nucleus and associates predominantly with 24 nt small RNAs having 5′ terminal A in order to mediate DNA methylation in transposons and a few coding loci (Mi et al. 2008; Li et al. 2008) . tRF-3 Leu CAA (5′-AAGAGGGCG TGGGTTCAAACCCCA) is 24 nt in length and it is associated with AGO4 (~28 RPM; data not shown). Through BLASTn analysis, we looked for tRF-3 Leu CAA potential target regions in the Arabidopsis genome. Interestingly, tRF-3 Leu CAA was extensively complementary to upstream region of SUPPRESSOR OF FRIGIDA4 (SUF4) locus (Online Resource 13), which acts as a transcriptional activator of FLOWERING LOCUS C (FLC) to regulate flowering (Kim et al. 2006) . Moreover, SUF4 also interacts directly with MED18 (Mediator 18), a transcriptional cofactor complex that affects the levels of H3K36me3, a histone mark for active regions (Lai et al. 2014) . Perhaps tRF-3 Leu CAA /AGO4-mediated methylation of SUF4 might be important to indirectly promote flowering. Some human tRF-3s were shown to associate with AGOs, potentially acting as miRNAs as well as siRNAs (Haussecker et al. 2010) . Although speculative, we propose that particular 24-nt tRF-3 small RNAs may function as "guides" to drive AGO4 to specific loci to recruit epigenetic machinery for de novo DNA methylation (Rose and Klose 2014) .
A few additional biological functions have been linked to tRFs thus far. For instance, HIV (human immunodeficiency virus) uses the 3′ end of the human tRNA Lys as a primer for its retrotranscriptase and DNA synthesis (Yeung et al. 2009 ). Other report showed that tRF-5s can inhibit protein synthesis in archeon Haloferax volcanii (Gebetsberger et al. 2012) . Additionally, some 19-nt tRF5s from human cells can inhibit protein synthesis in vivo and in vitro without a complementary sequence on the mRNA, but a GG motive at 3′ end is required (Gebetsberger et al. 2013) . These data indicate the possibility that tRFs, besides canonical RNAi mechanisms, likely have non-canonical mechanisms to control gene expression or modulate protein biosynthesis (Sobala and Hutvagner 2013) .
